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Abstract

A recurrent paradigm in calcium signaling is the coordination of the target response of the calcium
signal with activation of metabolic energy production to support that response. This occurs in
many tissues, including cardiac and skeletal muscle where contractile activity and ATP production
are coordinately regulated by the frequency and amplitude of calcium transients, endocrine and
exocrine cells that use calcium to drive the secretory process, and hepatocytes where the
downstream targets of calcium include both catabolic and anabolic processes. The primary
mechanism by which calcium enhances the capacity for energy production is through calcium-
dependent stimulation of mitochondrial oxidative metabolism, achieved by increasing NADH
production and respiratory chain flux. Although this enhances energy supply, it also has the
potential for deleterious consequences resulting from increased generation of reactive oxygen
species (ROS). The negative consequences of calcium-dependent mitochondrial activation can be
ameliorated when the underlying cytosolic calcium signals occur as brief calcium spikes or
oscillations, with signal strength encoded through the spike frequency (frequency modulation).
Frequency modulation increases signal fidelity, and reduces pathological effects of calcium,
including excess mitochondrial ROS production and apoptotic or necrotic outcomes. The present
article reviews these issues using data obtained in hepatocytes under physiologic and pathologic
conditions.

Phosphoinositide-dependent calcium signaling in hepatocytes

The predominant pathway of calcium mobilization in non-excitable cells is mediated by
inositol lipid signaling and the intracellular second messenger inositol 1,4,5-trisphosphate
(InsP3) [1-3]. In hepatocytes, this signaling pathway plays a key role in regulating processes
as diverse as gene expression, bile secretion and the metabolic processing of carbohydrates,
amino acids and lipids. In the context of metabolic regulation, InsP3-dependent increases in
cytosolic Ca%* ([Ca2*];) are generally associated with the activation of catabolic metabolism,
although one key target, gluconeogenesis, may be looked on as an anabolic pathway of the
liver to meet the catabolic demands of other tissues. The primary hormones that act through
InsP3 and increases of [Ca?*]; to regulate hepatic metabolism acutely are epinephrine and
norepinephrine, binding to a.;-adrenergic receptors. Other hormones that also activate this
pathway include vasopressin, angiotensin 1l and ATP (acting on P2y receptors) [4, 5]. Each
of these hormones binds to a G-protein-coupled receptor (GPCR) to stimulate
phosphoinositide-specific phospholipase C (PLC), predominantly PLC-p and the generation
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of InsP3 and diacylglycerol. In addition to the GPCR-linked hormones, a number of tyrosine
kinase receptor-linked hormones, including epidermal growth factor (EGF) and hepatocyte
growth factor (HGF) also increase [CaZ*]; by stimulating PLC-y to generate InsP3 [4-7].
Interestingly, the HGF receptor (c-Met) appears to translocate to the nucleus to stimulate a
localized generation of InsP3, rather than acting on PLC located at the plasma membrane

[71.

InsP3 mobilizes Ca2* stored predominantly in the endoplasmic reticulum, but also from
other intracellular organelles including the nuclear envelope, by binding to the InsP3
receptor Ca2* channels (InsP3R) [1, 8-10]. In hepatocytes, which make up the bulk of the
liver, the major InsP3R isoforms are Type-1 and Type-2, with the former distributed fairly
evenly throughout the cytoplasmic compartment, whereas the latter is localized to the apical
membrane of the cell [11, 12]. In addition to activation by InsP3, the InsP3Rs are sensitive to
modulation by [Ca?*];, with both stimulatory and inhibitory inputs occurring by direct Ca2*
interaction with the InsP3R, which can give rise to [CaZ*]; oscillations [1, 2, 8]. In the liver,
these [Ca2*]; oscillations are highly regular and occur as base-line separated [CaZ*]; spikes
with periods ranging from 0.5 to 10 min [4, 5, 13]. The hepatic [Ca%*]; oscillations are a
particularly good example of frequency modulation, with spike frequency increasing over a
wide range as the agonist dose is increased. While it is clear that the positive and negative
feedback effects of Ca?* on the InsP3Rs contribute to the dynamics of the [Ca2*];
oscillations, it seems likely that an additional feedback of [Ca2*]; at the level of InsP3
metabolism also plays a role in the low frequency baseline-separated [Ca2*]; oscillations
observed in hepatocytes [14].

Another key feature of hepatic [Ca2*]; oscillations elicited by hormones and other agonists
acting through GPCRs is that they are spatially organized into [Ca2*]; waves [4, 15]. These
[Ca?*]; waves initiate from a discrete intracellular origin and propagate with fixed velocity
and amplitude throughout the cytosol and through the nuclear matrix, apparently through a
regenerative process mediated by positive Ca2* feedback. The origin for [Ca2*]; wave
initiation is the same for all agonists in a given cell, and appears to be associated with the
concentration of Type-2 InsP3Rs near to the apical pole of the hepatocyte. Importantly,
regenerative [Ca2*]; wave propagation is not necessarily confined by the boundaries of the
cell. In hepatocyte cultures that retain gap junction coupling, and more dramatically in the
intact liver, [Ca2*]; waves initiated in one cell can propagate to neighboring cells, giving rise
to intercellular [Ca?*]; waves. Indeed, in our studies with the intact perfused rat liver, we
have shown that hormone-induced [Ca2*]; waves can travel over long distances crossing
entire hepatic lobules encompassing thousands of cell, without loss of amplitude or velocity
[4, 16]. These intact tissue experiments have demonstrated that frequency-modulated
oscillatory [Ca2*]; signaling is the predominant mode of physiologic regulation by Ca2*-
dependent hormones in liver. As we have reported previously [4, 17, 18], the [Ca2*];
oscillations in hepatocytes are ideally tuned to regulate mitochondrial metabolism and
energy production. In the following sections we discuss coordination of energy production
and metabolic regulation under physiological and pathological conditions.

Ca?*-dependent regulation of mitochondrial metabolism

A stimulus-evoked increase in [Ca2*]; activates contractile, secretory or metabolic pathways
and, thus increases utilization of energy stores. The resultant increase in energy demand
requires the cell to rapidly increase the rate of ATP production, since even a modest
mismatch between consumption and supply will quickly deplete energy reserves leading to
tissue dysfunction and most likely the onset of disease states. The maintenance of cellular
energy homeostasis requires coordinating the activation of mitochondrial oxidative
phosphorylation with the rate of flux through cytosolic ATP-requiring reactions.
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Mitochondria are thought to be localized close to Ca?* release sites, such that [Ca%*];
increases derived from either intracellular stores or influx from the extracellular milieu are
rapidly transferred into the mitochondrial matrix to stimulate the CaZ*-sensitive
intramitochondrial dehydrogenases and augment the production of mitochondrial NAD(P)H
[17-24]. The traces in Fig. 2 show the relationship between Ca2* oscillations and
mitochondrial pyridine nucleotide fluorescence over a broad range of stimulus strength. The
initial upstroke of the [Ca2*]; spike is followed closely (2-3 s) by an increase in cellular
NAD(P)H fluorescence that predominately originates from the mitochondrial matrix (Fig.
1). Cytosolic Ca?* levels rapidly returned to baseline upon termination of the [Ca?*]; spike,
whereas NAD(P)H oxidation is slower and requires 5-10 minutes to reach basal values (Fig.
2). The relatively slow oxidation phase of NAD(P)H allows mitochondrial redox spikes to
fuse together at low rates of Ca2* spiking (= 0.5 spikes/min) to produce a sustained level of
metabolic output.

Stimulus-induced activation of Ca2*-dependent intramitochondrial dehydrogenases is
thought to be one mechanism to coordinate the rate of oxidative phosphorylation with an
increase in energy expenditure in the cytosol [19, 24-27]. Indeed, previous studies using
adenoviral mediated transduction of adult cardiomyocytes with luciferase to measure
cellular ATP levels have shown that cytosolic ATP levels are very stable during the onset of
electrical stimulation. In parallel runs, electrical stimulation induced an initial drop in
mitochondrial ATP levels followed by a recovery of matrix ATP to values above baseline.
The recovery in mitochondrial ATP levels occurred over the same time frame in which there
was a stimulus-evoked increase in mitochondrial Ca2* concentration [28]. These results are
consistent with a Ca2*-dependent increase in the rate of mitochondrial ATP synthesis during
stimulation to supply more ATP and maintain a constant cytosolic phosphorylation
potential. More recently, the development of fluorescent ATP-sensitive biosensors (A-
TEAM) has allowed direct measurement of cellular ATP levels during hormone stimulation
[29-31]. These studies have shown a close correlation between a rise in mitochondrial Ca2*
and the increase in mitochondrial matrix ATP levels providing additional evidence
supporting the stimulus-metabolic coupling hypothesis [19, 25].

Stimulus-evoked increases in mitochondrial proton motive force

Stimulus-evoked increases in mitochondrial calcium coupled to the activation of
intramitochondrial dehydrogenases and electron flux through the respiratory chain is
predicted to enhance the magnitude of mitochondrial electrochemical potential [32, 33].
Mitochondrial electrochemical potential or proton motive force (PMF) consists of a
mitochondrial membrane potential (A'Y,) and mitochondrial pH gradient (ApHy). PMF is
the driving force for mitochondrial ATP synthesis as well as the transport of substrates (e.g.
pyruvate), anions (e.g. phosphate) and cations (e.g. Ca2*) across the mitochondrial inner
membrane [34]. Several studies, including our work in primary hepatocytes, have directly
measured increases in both components of the electrochemical gradient upon stimulation
with hormones or nutrients [17, 24, 35-41]. Moreover, recent studies in INS-1 cells or
primary 3-cells indicate that the increases in mitochondrial bioenergetics, particularly
increases in mitochondrial pH or ApHp,, are critical for prolonged stimulus-induced insulin
secretion [39-41]. These studies highlight the importance of this Ca2*-dependent increase in
mitochondrial PMF in metabolically active cells.

Stimulus-evoked increases in calcium and mitochondrial PMF can be monitored in real-time
by co-loading cells with fura-2/AM and either tetramethyl rhodamine ethyl ester (TMREE),
a mitochondrial membrane potential-sensitive dye, or with fluorescein, a weak acid which
distributes across the mitochondrial inner membrane according to ApHy, [17, 24, 42, 43].
We typically use cells loaded with low levels of TMREE (3-30 nM) for our A¥,
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measurements to avoid self-quenching of the dye. In this setup, fluorescence intensity of
TMREE decreases upon depolarization of the mitochondria. Detailed descriptions of the dye
loading protocols and wide-field fluorescence imaging techniques used to carry out these
measurements have been published previously [17, 38].

The traces in figure 3 show the simultaneous measurement of vasopressin-evoked increases
in [Ca2*]; and A'¥,, (Fig. 3A) or the simultaneous measurement of phenylephrine-evoked
increases in [Ca2*]; and ApHy, (Fig. 3B-C). The onset of each [Ca2*]; spike is accompanied
by a slow increase in TMREE fluorescence intensity, which we interpret as an increase in
the magnitude of A'¥y,. This result is in contrast to the prediction that A, might decrease
during rapid and electrogenic uptake of Ca2* by the mitochondrial Ca2* uniporter. The
hormone-evoked rise in A¥,, reached a peak after the [Ca2*]; spike had already terminated,
AY, then slowly recovered to baseline values. A similar relationship was observed between
the frequency of [Ca2*]; spikes and increases in ApHp,. The traces in Fig. 3B show a
representative ApH,y, response to a single agonist-evoked [Ca2*]; spike. The data indicate
that ApHy, also increases more slowly than [Ca2*];, reaching a peak value after the CaZ*
spike has returned to baseline. The ApHy, was maintained at an elevated plateau for several
minutes and then declined gradually. A single Ca2* spike could induce an increase in ApHp,
that remained above baseline values for 10-15 min beyond the termination of the [Ca2*];
oscillation. In the example shown in Fig. 3C, the frequency of [Ca2*]; spiking was sufficient
to induce an almost sustained increase in the magnitude of ApH,. An increase in ApHp, is
expected to occur during active mitochondrial Ca2*-uptake due to proton pumping by the
respiratory chain to balance charge movement [34]. However, CaZ*-uptake is relatively brief
and essentially complete within seconds, whereas ApHy, remains elevated for ten of
minutes, indicating that the observed changes in ApHy, are not the direct consequence of
Ca?*-uptake. As with the increase in NAD(P)H elicited by hormones, stimulus-evoked
increases in ApH, and A'Y, declined relatively slowly and therefore only followed an
oscillatory pattern when the frequency of Ca2* spiking was at or below 0.25 oscillations per
min. Thus, discrete oscillations in mitochondrial PMF appear to occur only when there is
sufficient time between the [Ca2*]; spikes to allow Ca%*-dependent increases in NAD(P)H to
recover towards baseline values (Fig. 2).

Maximal hormone stimulation also evoked prolonged increases (20-40 min) in
mitochondrial PMF despite the fact that mitochondrial Ca?* and NAD(P)H recovered to
baseline values at much earlier time points [17, 24]. These data suggest that either 1) Ca2*-
dependent activation of a component(s) in the respiratory chain are long lived, 2) hormone
stimulation may inhibit pathways dissipating mitochondrial PMF or 3) Ca2*-independent
processes, such as the matrix acetyl CoA/CoA ratio or energy charge, may control the
respiratory chain activity and mitochondrial PMF during high hormone stimulation.
Hormone-evoked increases in A¥, and ApHy, occurred even in the presence of oligomycin
to block proton flux through the F1-Fo ATP synthetase. These results indicate that the
prolonged increase in mitochondrial PMF could not be explained by Ca2*-dependent
inhibition of proton flux through the Fo subunit, as observed in some tumor cells [44].

Cellular ROS formation and stimulus-evoked calcium increases

Although stimulus-evoked increases in mitochondrial calcium are essential for activating
mitochondrial metabolism, the prolonged elevation of matrix calcium coupled to a sustained
increase in mitochondrial PMF are predicted to favor the formation of mitochondrial
reactive oxygen species (ROS), superoxide anion (O,) and H,O, [45, 46]. The relationship
between the rates of mitochondrial ROS production and the magnitude of A'¥, is most
clearly observed in isolated mitochondrial preparations in the presence of saturating
concentrations succinate, i.e. conditions that favor reverse electron flow through NADH

Cell Calcium. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gaspers et al.

Page 5

dehydrogenase [46-51]. In these studies, production of H,O, was inhibited by physiological
(e.g. ADP) or pharmacological (e.g. uncouplers) maneuvers which lowered A¥ . It should
be pointed out that the magnitude of substrate-supported ROS formation is highly dependent
on the experimental conditions, which are often outside the physiological range. Thus, the
often quoted estimate of 1-2% of the total oxygen consumed being converted to O, is only
applicable to isolated mitochondria under defined conditions. Presumably, the rates of
mitochondrial ROS formation in intact cells are a fraction of these /n vitro estimates [46,
52]. While the mitochondria are undoubtedly a major source of ROS /n vivo, the absolute
rates of mitochondrial O,-~ and H,0, are difficult to measure as well as the relationship
between stimulus-evoked Ca?* increases and mitochondrial ROS formation.

We employed genetically encoded biosensors sensitive to changes in superoxide anion [53]
or hydrogen peroxide [54] concentrations to examine whether hormone-evoked increases in
Ca?* also stimulate the rates of mitochondrial ROS production in primary cultured
hepatocytes. It has been previously shown that increasing levels of O,* enhance the
fluorescence intensity of circularly permeated yellow fluorescence protein (cpYFP) at
485nm excitation, while the intensity at 410nm remains constant [53]. Insertion of the
cpYFP moiety into the regulatory domain of the £. coli OxyR protein produces a probe
sensitive to submicromolar H,O, concentrations that no longer responds to O, levels [54].
This biosensor, termed Hyper, displays opposite and fully reversible changes at 485nm and
410nm excitation upon H,O, addition; the peroxide increases the 485nm fluorescence
intensity while proportionally decreasing the 410nm signal. Thus, the cellular levels of
either O,* or H,O, can be monitored independent of protein expression by following the
F485/F410 ratio over time. These ratiometric techniques are similar to those developed for
Ca?*-sensitive probes, such as the Cameleon family.

Hepatocytes isolated from chow-fed animals were transiently transfected using
Nucleofection technology (Lonza) then cultured overnight to allow expression of the
biosensors. The confocal image stack shown in Fig. 4A indicates that the ROS-sensitive
fluorescent proteins are correctly targeted to the mitochondria in primary hepatocytes.
Hepatocytes expressing mitochondrial-targeted cpYFP were co-loaded with fura-2/AM to
simultaneously monitor [Ca2*]; and the production of mitochondrial O,*". Fura-2 and cpYFP
fluorescence images were acquired by sequential excitation at 340 + 10, 380 + 10 and 485 +
25 nm. Emitted fluorescence was collected with a 515 nm long band pass dichroic mirror
and a 520 nm long band pass filter, as described in [38]. Since the fura-2 absorption
spectrum overlaps with cpYFP and predominates at 410nm, the fluorescence intensity of
cpYFP can only be monitored at 485nm in these experiments. The data show that treating
hepatocytes with 100 nM vasopressin evokes a sustained increase in [Ca2*]; and after a short
delay a slow rise in mitochondrial O~ levels, which remained above baseline values over
the time-course of the experiment. Similar results were obtained in hepatocytes expressing
mitochondrial-targeted Hyper and challenged with ATP concentrations that routinely evoke
sustained increases in [Ca?*];. Hepatocytes express both G-protein coupled P2Y receptors
[55] and ligand-gated P2X channels [56] and, thus ATP stimulation is expected to mobilize
internal Ca?* stores and stimulate Ca2* influx from the extracellular milieu. The results
show that stimulation with ATP induces a dose-dependent increase in emission ratio of
mitochondrial-targeted Hyper (Fig. 4C). The addition of excess BAPTA free acid to chelate
extracellular Ca%* resulted in a decrease in ATP-stimulated mitochondrial H,0O, formation
(Fig. 4D). The decline in the Hyper emission ratio after BAPTA treatment occurred after a
short delay suggesting that a decrease in intracellular CaZ* precedes or parallels the change
in mitochondrial ROS production. Simultaneous fura-2 and mitochondrial ROS
measurements could not be carried out under the Ca%*-free condition, because maximal ATP
stimulation alters hepatocyte morphology in the absence of extracellular calcium and thus
precludes single wavelength measurements like those in Fig. 4B. In parallel experiments, we
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transfected hepatocytes with Hyper targeted to the cytosol. Here, ATP stimulation in the
presence of extracellular Ca2* did not increase the emission ratio, suggesting that the H,05
increases elicited by Ca2*-dependent hormones are largely confined to the mitochondrial
matrix (not shown).

Agonist -evoked increases in the apparent rate of mitochondrial H,O, production were
predominantly observed in cells stimulated with maximal hormone concentrations as
typified in Fig. 4B-D. A similar increase in H,O, production was observed when
hepatocytes were treated with thapsigargin (not shown) to induce sustained increases in both
cytosolic and mitochondrial CaZ* [18, 24]. By contrast, challenging the cultures with
submaximal hormone doses that induce baseline-separated [Ca?*]; spiking had little to no
effect on the rates of mitochondrial ROS formation. Moreover, when hepatocytes were
exposed to low concentrations of ionomycin (100 nM), which induced a small 100-150 nM
[CaZ*); rise, there was also no effect on the emission ratio of mitochondrial-targeted Hyper
(not shown). Taken together, these data suggest that prolonged stimulation with maximal
hormone concentrations and/or high levels of intracellular Ca2* promote the formation of
mitochondrial oxidants, whereas CaZ* oscillations or small increases in [Ca2*]; are
ineffective stimuli. Thus, protection against Ca2*-induced oxidative stress can be considered
as another example of the advantages of frequency-modulated [Ca?*]; oscillations over
sustained [Ca2*]; signals.

A potential limitation of all protein-based biosensors, particularly cpYFP, is the potential for
artifacts due to changes in cellular pH [57]. Physiologically relevant changes in pH can
affect the emission ratio independent of oxidant levels: acidification decreases and
alkalinization increases the emission ratio of both cpYFP and Hyper. Thus, one could argue
that the observed increases in cpYFP and Hyper fluorescence intensities could be due the
hormone-evoked rises in mitochondrial pH. However, pH-dependent effects on the
biosensors cannot fully explain our results. First, treating cells with ionomycin is expected to
increase mitochondrial calcium and decrease matrix pH, yet this challenge failed to decrease
the fluorescence intensity of Hyper as would be expected for maneuvers that acidify the
mitochondria [37]. Second, maximal hormone stimulation consistently increased the
production of mitochondrial oxidants, whereas submaximal hormone doses had little effect
on mitochondrial ROS, even though both stimulation protocols evoke rises in mitochondrial
pH (Fig. 4 and [17]).

We further explored the relationship between magnitude of mitochondrial ROS production
and the magnitude of mitochondrial PFM by treating hepatocytes with protonophores and
respiratory inhibitors. The traces in Fig 5A show that the addition of a weak protonophore,
2,4 dinitrophenol (DNP), to partially depolarize the mitochondrial A ,,, induces a small
drop in the Hyper emission ratio in the mitochondria. Thus far, we have not been able detect
a change in mitochondrial PMF (see [58]) with these low concentrations of DNP indicating
that Hyper is reporting a true decrease in mitochondrial ROS production rather than
responding to a drop in matrix pH. The subsequent addition of CCCP plus oligomycin to
completely collapse mitochondrial PMF resulted in a further decrease in the Hyper emission
ratio, but this treatment is expected to strongly acidify the mitochondrial matrix, making
these results more difficult to interpret solely as changes in mitochondrial ROS. The
addition of antimycin A, rotenone (Fig. 5B) and/or myxothiazol (not shown) all induced a
slow decrease in the emission ratio of mitochondrially-targeted Hyper. These data are
consistent with the idea that the rate of mitochondrial ROS production slows down when
there is a drop in mitochondrial PMF. The Hyper emission ratio remained lower than
baseline values for 5-20 min then slowly started to increase over time. This slow recover
was followed by a rapid and large amplitude increase in the emission ratio of mitochondrial-
targeted Hyper for both CCCP and respiratory inhibitors (Figs. 5A, 5B). The subsequent
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addition of exogenous H,0, (100 to 300 M) did not further increase the emission ratio
indicating that the probe was fully oxidized after the ROS burst. The onset of the ROS burst
was highly variable between cells within the same field of view and occurred anywhere
between 15 to 90 min after the addition of the mitochondrial toxins.

Hyper targeted to the cytosol also displayed a biphasic response to mitochondrial respiratory
inhibitors. The data in Fig. 5C indicate that inhibiting Complex 1 with rotenone causes an
initial decrease in emission ratio of cytosolic Hyper that closely paralleled the drop in
mitochondrial Hyper signal. After a short delay (5-10 min), the emission ratio started to
recover and eventually rose above baseline values. The large amplitude ROS burst observed
in the mitochondrial matrix after prolonged incubation with mitochondrial toxins was not
observed over the time-course of this experiment (Fig. 5C), but was observed in other
studies just prior to disruption of the plasma membrane (not shown).

Taken together, we interpret the data in Fig. 5 to indicate that dissipating of A'Y, initially
lowers the production of mitochondrial ROS which, in turn, decreases the rate of
mitochondrial H,O5 entering the cytosol and, thus the amount of oxidants detected by
cytosolic Hyper. In the presence of protonophores or respiratory inhibitors, reducing
equivalents required for regenerating mitochondrial GSH or thioredoxin are eventually
depleted resulting in a large and rapid increase in mitochondrial and cytosolic ROS levels, as
observed in Figs. 5A, 5B. Thus, the dual actions of stimulated mitochondrial metabolism to
generate ROS through mitochondrial respiratory chain activity and provide the reducing
equivalents for their elimination through increased dehydrogenase activity, can explain why
respiratory chain inhibitors, uncouplers and oligomycin can all cause a large increase in
ROS production, despite opposite effects on electron flow and the PMF.

Balancing the need for an increase in ATP supply with the generation of potentially toxic
radicals is undoubtedly a difficult mission to achieve. Reactive oxygen species have long
been implicated in disease processes, but recent studies have suggested that low levels of
H,0, may also play a critical role in cell signaling [52, 59-62]. A transient increase in
cellular H,O, production is a normal part of the signal transduction cascade evoked by
growth factor and cytokine stimulation and is essential for dictating the eventual biological
outcome [60, 63-65]. ROS-dependent signals are proposed to convey information by
mediating the reversible sulfenation [61] or the formation of a sulphenyl-amide
intermediates [66] with redox-sensitive cysteine residues resulting in a change of enzymatic
activity. The first described and best characterized classes of proteins sensitive to oxidative
modification are phosphatases including protein tyrosine phosphatase 1b [67, 68],
phosphatase and tensin homolog (PTEN) and MAPK phosphatases [60]. Stimulus-evoked
increases in H,O5, levels are proposed to oxidize and inhibit protein tyrosine phosphatases
allowing prolonged activation of MAP kinase signaling [52, 60]. Future work is needed to
delineate whether Ca2*-dependent increases in mitochondrial H,05 acts as a signaling
molecule in this type of cascade, or are the toxic consequences of living in an aerobic world.

Lipid droplets and mitochondria

Chronic alcohol consumption or excessive intake of nutrients are major causes of fatty liver
disease and have become global public health problems [69-72] with costs estimated at
nearly $2 billion a year in 2000 for the US alone [73]. Long-term and excessive alcohol
abuse can lead to a spectrum of liver diseases ranging from alcoholic fatty liver (steatosis),
alcoholic steatohepatitis and cirrhosis [69]. Nonalcoholic fatty liver disease (NAFLD) and it
more serious variant nonalcoholic steatohepatitis (NASH) are another variety of liver
diseases associated with metabolic disorders, such as type2 diabetes and obesity. The
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pervasiveness of NAFLD in the general population is on the rise; paralleling the rise in
obesity [74].

Alcoholic steatohepatitis and NASH present with similar clinical attributes suggesting a
possible common mechanism underlying the development if these pathologies [75]. The
earliest common symptom of excessive alcohol or lipid intake is the marked deposition of
triglycerides in organelles called lipid droplets. Fat accumulation or steatosis is considered
the “first hit” in the progression to more serious forms of liver disease by predisposing
hepatocytes to injury induced by “secondary insults” including oxidative stress [76, 77] and
pro-inflammatory cytokines, such as TNFa [78]. Although the formation and accumulation
of lipid droplets is a common feature for both alcoholic and nonalcoholic liver diseases, the
molecular mechanisms regulating the biogenesis and expansion of lipid droplets in the
presence of surplus energy supplies or the lipolysis of stored triglycerides during starvation
have not been fully delineated in hepatocytes [79].

Surplus intracellular fats are stored in organelles called lipid droplets (LD), which are
composed of a single phospholipid monolayer surrounding a neutral lipid core. Lipid
droplets are thought to bud off of the endoplasmic reticulum (ER) and remain either attached
to the ER or in very close association with it [80-82]. Lipid droplets have been shown to
interact with other organelles, including the mitochondria, early endosomes, peroxisomes, as
well as with the plasma membrane; presumably trafficked to their final destination by the
plethora of Rab GTPases found on the surface of LD [83]. The logical functional link
between mitochondria or peroxisomes with LD would be a ready supply of fatty acids
derived from lipolysis for the production of ATP in the B-oxidation pathway. Indeed, the
LD-scaffolding protein, perilipin 5, has been implicated in tethering mitochondria to LD in
neonatal cardiomyocytes and regulating the local rates of lipolysis and, thus fatty acid flux
into the mitochondria [84]. These studies suggested a close physical and functional
interaction between the ER, LD and the mitochondria. Our preliminary data suggest that
these close associations also suggest the potential for local Ca2* signaling in the regulation
of LD metabolism.

Previously electron microscopy studies have described the close interaction between the LD
and ER as an egg (LD) inside an egg holder (ER) [85]. These results suggest that ER
resident proteins involved in calcium signaling could also localize with LD. To test this idea,
we carried out immunofluorescence studies to determine the subcellular distribution of
calreticulin, a major ER Ca?*-binding protein, and the SR/ER Ca?*-ATPase (SERCA). In
these studies, rats were fed the Lieber-DeCarli alcohol-containing liquid diet to induce fatty
liver disease, while littermates controls received an isocaloric diet with carbohydrate
substituted for ethanol [86]. Alcoholic hepatocytes were loaded with a red fluorescent fatty
acid analogue (10 .M, Bodipy® 558/568 C1,) in the presence of 1% (w/v) fatty acid-free
bovine serum albumin (BSA) for 2 hrs prior to fixation with 1% paraformaldehyde. The
fluorescence of Bodipy® 558/568 C1, allows the visualization of LD distribution and
morphology, while secondary immunofluorescence can be detected with an Alexa 488-
conjugated secondary antibody without significant spectral overlap between the
fluorophores. In parallel studies, hepatocytes isolated from animals fed a control diet were
co-loaded with Bodipy® 558/568 C15 plus 300 M oleic acid bound to BSA to induce LD
formation independent of alcohol consumption. The confocal images in Fig 6 indicate that
both calreticulin (top row, green pseudocolor) and SERCA (middle row, green pseudocolor)
immunoreactivity form ring-like structures around LD (red pseudocolor). This co-
localization occurred in hepatocytes isolated from alcohol-fed rats or in control liver cells
treated with oleic acid to induce the formation of LD (Fig. 6, top and middle rows,
respectively). The intricate mesh-like structure of the ER was better visualized in live
hepatocytes stained with ER tracker compared to fixed cells (Fig. 6 bottom left panels). In
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these studies, hepatocytes from chow-fed rats were co-stained with ER tracker and Bodipy®
558/568 C1o. Confocal images of the fluorophores were acquired by sequentially exciting
the sample with a multiphoton laser tuned to 720nm and then with a 543nm HeNe laser.
These images show an extensive network of ER tubules surrounding and enveloping each
LD and in some cases the tubular ER structures infiltrating clusters of LD. We have also
carried out immunofluorescence studies to determine the localization of inositol 1,4,5-
trisphosphate (InsP3) receptors in lipid-loaded hepatocytes. Hepatocytes express both type 1
and type 2 InsP3 receptors; the type 2 InsP3 receptor is the predominate isoform and is
concentrated in a domain close to the bile canalicular membrane, while type 1 InsP3
receptors are expressed diffusely throughout the cytoplasm [12]. The data indicate that the
formation and accumulation of large LD does not dramatically alter the distribution of either
type 1 or type 2 InsP3 receptors (not shown). Presumably, InsP3 receptors are still present in
the ER membrane surrounding the LD, just not concentrated enough to be detected by
immunofluorescence techniques.

Live cell imaging also revealed the close association between LD and mitochondria in
primary cultured hepatocytes. The location of LD and mitochondria was determined by
acquiring confocal images of hepatocytes transiently expressing a mitochondrially-targeted
glutathione biosensor Grx1-roGFP2 (Fig. 6, rightmost panel on bottom row) or a
mitochondrially-targeted Ca2*-sensitive fluorescent protein, together with the Bodipy®
558/568 C1, staining (Fig. 7). The confocal images indicate that subsets of mitochondria are
in close proximity with each LD. Mitochondria in primary hepatocytes do not undergo
significant movement as compared to mitochondria in other cells types or in hepatoma cell
lines. Thus, the same set of mitochondria remained in juxtaposition with the LD for
extended periods of time and few mitochondria were observed to traffic to or from the LD
over the time course of the experiments (30-60 min).

For the experiments of Fig. 7, hepatocytes isolated from chow-fed rats were transfected with
mitochondrial-targeted GcamP3, and then cultured overnight with oleic acid and Bodipy®
558/568 C12 to induce the formation and accumulation of LD. Fatty acids were removed 2-4
hrs prior to experimentation to favor the hydrolysis of stored triglycerides. The data using
GcamP3 show spontaneous and transient increases in mitochondrial matrix calcium levels
under basal conditions, predominately in mitochondrion associated with the LD (Fig. 7).
Spontaneous increases in mitochondrial Ca%* levels were not readily observed in the
absence of lipid loading, suggesting the formation of a local Ca2* signaling network during
the formation of the LD. In this proposed scheme, Ca?* released from the ER surrounding
LD would be rapidly accumulated by mitochondria tethered to LD to locally stimulate
mitochondrial metabolism and the oxidation of fatty acids [19]. The nature of the Ca?*-
mobilizing signal or the ER Ca2*-release channels are currently unknown. We predict that
these local Ca?* signals are required for efficient oxidation of fatty acids derived from LD.
Moreover, defining the molecules involved in the local Ca?* signaling pathway may provide
additional targets for therapeutic intervention of fatty liver diseases.
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Fig. 1. Pyridine nuclectide fluorescence in hepatocytes

Confocal images depict NAD(P)H fluorescence in cultured hepatocytes (A) compared to
hepatocytes in the intact perfused liver (B). Pyridine nucleotide fluorescence was detected
with 720 nm multiphoton excitation as described in [38]. Images reproduced with
permission [38].
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Fig. 2. Theregulation of mitochondrial NAD(P)H production by increasesin cytosolic calcium
Hepatocytes isolated from chow-fed rats were loaded with low levels of fura2/AM, as
described previously [17, 18, 38], then stimulated with submaximal levels of phenylephrine,
an a- adrenergic agonist. Agonist-evoked increases in fura-2 and NAD(P)H fluorescence
intensities were monitored simultaneously [38]. NAD(P)H responses were normalized to the
peak 360 nm fluorescence intensity changes obtained in the presence of rotenone plus B-
hydroxybutyrate (not shown). Data reproduced from [24] with permission.
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Fig. 3. Cytosolic calcium spikes stimulate arise in mitochondrial proton motive force
Hepatocytes isolated from chow-fed rats were loaded with fura2/AM and TMREE (A) or
fluorescein diacetate (B-C) then treated with submaximal hormone concentrations.
Hormone-evoked increases in Ca2* and mitochondrial membrane potential (A'¥,) or Ca2*
and mitochondrial pH gradients (ApH,) were monitored simultaneously as described [17,
38]. The protonophore, FCCP (5 wM), was added in C to completely collapse mitochondrial
PMF. The data in panel A are reproduced from [38] with permission.
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Fig. 4. Hormone-evoked increasesin therate of mitochondrial ROS formation

(A) Maximal intensity projection of two adjacent hepatocytes expressing mitochondrial-
targeted cpYFP, a superoxide-sensitive fluorescent protein. (B) Simultaneous measurement
of cytosolic Ca%* and mitochondrial superoxide (O,™) increases evoked by maximal
vasopressin concentrations (100 nM). Increases in Ca2* were monitored with fura-2, while
485nm excitation of cpYFP was used to follow O, responses. Note: fura-2 overlaps with
the 410nm portion of the cpYFP spectrum. (C-D) High levels of extracellular ATP evoke
sustained increases in the production of mitochondrial H,O,. Production of H,0, was
monitored with mitochondrial targeted Hyper™ and alternating excitation at 485nm and
410nm. Exogenous H»0, (100 M) was added at the end of the run to maximally oxidize
the biosensor (C). In panel D, excess BAPTA free acid (2 mM, blue bar) was added to
chelate extracellular Ca2*.
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Fig 5. Reactive oxygen species formation in hepatocytes
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(A-B) The effect of mitochondrial uncouplers and respiratory inhibitors on mitochondrial
H»0, production. (C) The effect of inhibiting mitochondrial respiration on cytosolic H,0,
production. Additions are dinitrophenol (DNP; 20i.M), CCCP plus oligomycin (5 pM/ 1pg/

ml), 1 uM antimycin A and 1 .M rotenone.
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Fig 6. Lipid droplets

Hepatocytes isolated from alcohol-fed rats (top row) or their pair-fed littermate controls
(middle row) were maintained in primary culture for 4 hrs. Lipid droplets were labeled for
2-4 hrs with the red fluorescent fatty acid analogue Bodipy® 558/568 C1 (red pseudocolor).
Cells from pair-fed controls (middle row) were also incubated with 300 LM oleic acid to
induce lipid droplet formation. Cultures were fixed with 1% paraformaldehyde and then
immunoreactivity for calreticulin or SERCA (kind gift from Dr. J. Lytton) was determined.
Top row: calreticulin immunoreactivity in an alcoholic hepatocyte. Middle row: SERCA
immunoreactivity in a lipid-loaded control hepatocyte.

Bottom row: Live hepatocytes from chow-fed rats were stained with 200 nM ER tracker
(green pseudocolor) and Bodipy® 558/568 C1, (red pseudocolor), or transfected with a
mitochondrial targeted glutathione biosensor Grx1-roGFP2 (kind gift from Dr. T. Dick,
green pseudocolor) then incubated with the fatty acid analogue (bottom right most panel).
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Fig 7. Spontaneous mitochondrial ca?* spikes and lipid droplets

Hepatocytes isolated from chow-fed rats were transfected with mitochondrial-targeted
GcamP3 (provided by Dr. L. Looger via Addgene) then incubated overnight with Bodipy®
558/568 C12 and oleic acid. Confocal images depict GcamP3 fluorescence intensity in gray
scale and Bodipy® 558/568 C1, in red. Green arrowheads point to mitochondria that display
spontaneous mitochondrial Ca2* increases. The red traces show mitochondrial Ca2*
responses in single mitochondrion or mitochondrial clusters. The black trace is the whole
cell calcium response. At the end of the run, the culture was treated with 1 .M epinephrine
(Epi) to elicit a global cytosolic/mitochondrial calcium increase.
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